Abstract
Introduction
Chronic kidney disease (CKD) predisposes people to a higher risk for cardiovascular diseases, left ventricular hypertrophy and end-stage renal disease (ESRD), leading to premature mortality; it is thus considered a public health epidemic worldwide. Numerous epidemiological studies have underlined the importance of a recently identified hormone, fibroblast growth factor 23 (FGF23), which is associated with declining renal function.
The main functions of FGF23 are the regulation of systemic phosphate homeostasis and vitamin D metabolism. FGF23, predominately expressed in bone osteocytes and osteoblasts, is a key molecule in the counterregulation of vitamin D and parathyroid hormone (PTH) biosynthesis, thereby regulating the phosphate metabolism parallel to the 1,25-dihydroxyvitamin D 3 (calcitriol) and PTH-regulating phosphate and calcium. Klotho, which is an important cofactor of FGF23, is expressed in the kidney and parathyroid gland and suppresses calcitriol and PTH synthesis, respectively, thereby increasing the FGF23 expression in the bones [1] . FGF23 inhibits the synthesis of calcitriol by inhibiting the activity of the renal 25-hydroxyvitamin D-1α-hydroxylase enzyme. The stimulation of FGF23 secretion is triggered or repressed by sustained increase or decrease in dietary phosphorus intake, respectively. The aberrant function of FGF23 has been shown to result in several clinical manifestations [2] .
Several cross-sectional studies have demonstrated that there is an inverse association between renal function and FGF23 levels. High FGF23 levels in patients with CKD and ESRD have been reported to be linked with various adverse events including mortality [3] . A Swedish population study identified FGF23 as an independent predictor of cardiovascular mortality, supporting its potential role in cardiovascular disease [4] . Elevated FGF23 has also been associated with proteinuria and albuminuria levels in patients with CKD and IgA nephropathy in Dutch and Swedish populations [5, 6] . The Mild to Moderate Kidney Disease study including patients from Germany, Austria and Italy showed FGF23 as a novel independent predictor of progression of renal disease in patients with nondiabetic CKD [7] . Altogether, FGF23 is emerging as a novel and exciting biomarker that may help to identify which CKD patients might benefit most from the aggressive management of the disordered phosphorus metabolism [8] . Few studies have examined or reviewed the potential role of FGF23 as a prognostic marker in CKD progression [5] [6] [7] [8] [9] . A single study from a Saudi population with respect to FGF23 levels on chronic obstructive pulmonary disease (COPD) reported a significant increase in the FGF23 level among the COPD patients [10] . Thus, our study is the first of its kind to correlate the FGF23 level among CKD patients in this indigenous population of Saudi Arabia. Limited data are available to determine whether FGF23 measurements are clinically relevant in CKD patients. Therefore, in the present study, we have evaluated the role of FGF23 as a biomarker of CKD progression and its severity in a Saudi Arabian patient population, which may be used to find strategies for a better management of CKD patients. The current study is an approach to validate the relationship between FGF23 elevations and CKD progression.
Methods

Study Population
Eighty-nine CKD patients were recruited from the Department of Nephrology at King Fahd Hospital of the University, Al-Khobar, Saudi Arabia. We categorized the patients into three groups according to the modified National Kidney Foundation staging system, which is based on estimated glomerular filtration rate (eGFR) values (stage 3: eGFR 30-60 ml/min/1.73 m 2 ; stage 4: eGFR 15-29 ml/min/1.73 m 2 , and stage 5: eGFR <15 ml/min/1.73 m 2 ). It is noteworthy that due to the lack of symptoms, stage 1 and 2 patients were not reported to register and were thus excluded. The patient group had a mean age of 55 ± 15 years and included stage 3 (n = 20), stage 4 (n = 18) and stage 5 (n = 51) CKD patients. The control group was composed of 100 healthy individuals with no history of CKD.
Patients with a known history of any phosphate wasting disorder (e.g., tumor-induced osteomalacia, X-linked hypophosphatemia, autosomal dominant hypophosphatemic rickets or untreated primary hyperthyroidism) and those currently treated with renal replacement therapy were excluded from the study.
Sample Collection
Blood samples were collected in EDTA vacutainers, and plasma was extracted and stored at -80 ° C until the day of FGF23 estimation. Anthropometric details and biochemical parameters, including levels of eGFR, creatinine, phosphate, PTH, alkaline phosphatase (ALP), albumin and calcium were documented.
Measurement of FGF23 and 1,25-Hydroxyvitamin D 3 Levels in Plasma
Levels of native human FGF23 in plasma samples were determined by human FGF23 ELISA assay kit (catalogue No. EZHFGF23-32K; Millipore, USA). The assay was conducted according to the manufacturer's instructions, with the intensity of color produced read on a plate reader absorbance set at 450 and 590 nm (ELx800; Biotek). Levels of vitamin D 3 were measured by HPLC according to the manufacturer's instructions (Recipe HPLC kit for Vitamin D Analysis, Germany).
Statistical Analysis
Continuous variables are reported as the mean ± SD, and categorical variables are presented as numbers and percentages. Linear regression analysis was performed using FGF23 as a dependent variable. Since plasma FGF23 levels showed an asymmetrical distribution, their logarithmic conversion was taken in a customizable manner to a linear model. Survival curves were plotted by the Kaplan-Meier method and assessed by the log-rank test. Differences with p values <0.05 were considered statistically significant. The averaged biochemical levels of the deceased patients were compared using the two-sided t test. Statistical analyses were carried out using GraphPad Prism 5 software (GraphPad Software, USA).
Results
Clinical Parameters
Clinical patient data were obtained from the medical records of the Department of Nephrology at King Fahd Hospital of the University, Al Khobar, Saudi Arabia. Clinical and demographic characteristics of the study subjects are presented in table 1 , including 63 males and 26 females of Arabian ethnicity. The mean body mass index was 27.7 ± 6.7, which is considered overweight. The cause of renal failure for the majority of the patients was diabetes (48.3%), followed by hypertension (36.0%). The majority have anemia (34.8%), secondary hyperparathyroidism (28.1%) and coronary artery disease (20.2%) as coexisting conditions.
FGF23 Levels and Mineral Metabolite in Relation to Stages
FGF23 levels and other biochemical parameters including creatinine, PTH, phosphate, calcium, ALP, vitamin D 3 and albumin of patients classified into the three stages and the control group are shown in table 2 . Data indicate that the circulating FGF23 level gradually increased with declining renal function. The mean FGF23 level in the control group was 39.66 ± 17.38 pg/ml, and an exponential increase was observed between stage 3 (mean 61.20 ± 14.10 pg/ml), stage 4 (mean 118.50 ± 63.20 pg/ml) and stage 5 (mean 1,526.40 ± 1,456.00 pg/ml), with a concurrent decline in eGFR levels and an increase in creatinine level. Phosphate, PTH and ALP increased concurrently with an increase in the FGF23 level. However, the increase in PTH and ALP levels was considerably higher than that in the phosphate levels. On the other hand, the levels of calcium, albumin and vitamin D 3 remained unaltered compared to controls.
To further assess the strength of correlation between an elevated FGF23 level with other biochemical parameters, we performed a linear regression analysis with FGF23 as the dependent variable and the levels of eGFR, creatinine, PTH, phosphate, calcium, ALP, vitamin D 3 and albumin as independent variables irrespective of stage. Regression analysis showed that there is a significant negative correlation of FGF23 level with eGFR (R 2 = 0.2144, p < 0.0001), and a significant positive correlation with creatinine (R 2 = 0.4622, p < 0.0001) and phosphate (R 2 = 0.12610, p < 0.0011). In addition, the analysis did not show any significant correlation with the levels of other analytes, such as PTH, calcium, ALP, albumin or vitamin D 3 ( table 3 ) .
Several studies have demonstrated that as the renal function declines, the level of creatinine, PTH, phosphate, ALP and FGF23 increases in the blood. To illustrate the rate of increase in the level of these parameters in each stage, we plotted a graph representing the fold increase of each parameter based on their control on the y-axis and the three stages on the x-axis ( fig. 1 ) . Like other parameters, a gradual increase in the FGF23 level can be observed in stages 3 and 4, but the fold increase suddenly shot up more than 10 times at stage 5. 
Relationship between Elevated FGF23 and Mortality
To verify that there is any association between this uncontrolled elevation of FGF23 with mortality, we followed up patients over a period of 36 months and collected the survival data. From these data, we found that 14 out of 89 patients had died. A Kaplan-Meier analysis was performed using their time of death (p = 0.0373), and the results of the survival function are presented in figure 2 . We found that percent survival was in the following order: stage 3 (100%) > stage 4 (75.1%) > stage 5 (60.4%). The log-rank trend was significant. We noticed that the FGF23 level in the deceased group was considerably high, and the majority (65%) had >1,000 pg/ml of FGF23. To evaluate the status of other parameters compared to FGF23 in this group, the FGF23 level of the patient cohort was plotted against different parameters, such as creatinine, PTH, ALP and phosphate ( fig. 3 ) . The upper limit of normal range of the control group for each biochemical parameter was set as the cutoff mark for analysis (i.e. FGF23 = 60 pg/ml, PTH = 9 pmol/l, phosphate = 4.5 mg/dl, ALP = 120 U/l, and creatinine = 1.6 mg/dl). The level of FGF23 of all the deceased patients was above the cutoff mark compared to all other parameters, showing a distribution on both lobes, except for creat- C r e a t i n i n e
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Color version available online inine which is a certain indicator of renal function failure. To reinforce this phenomenon, we drew a box plot using percent of control values for all biochemical parameters of the deceased group, as shown in figure 4 a. The mean value and the standard deviation of FGF23, PTH, ALP and phosphate in the deceased group was 32.03 ± 23.89, 5.141 ± 6.154, 1.641 ± 0.999 and 1.032 ± 0.283%, respectively, and the p value of FGF23 was 0.0002, and that of PTH, ALP and phosphate was 0.0080, <0.0001 and <0.0001, respectively. Additionally, a schematic has been made to show how this deceased group was distributed around the cutoff line based on their biochemical parameters ( fig. 4 b) . Except for FGF23, in which 100% are exceeding the cutoff line, the percentages for the other parameters are distributed on both sides of the cutoff line.
Discussion
These results are of great interest for the identification of new biomarkers, which may have a better diagnostic sensitivity for the detection of CKD. The importance of measuring the FGF23 level is reflected by several studies that have shown that FGF23 has an inevitable role in the progressive derangement of mineral homeostasis, such as phosphate and calcium, in addition to phosphotropic hormones [11] . Recent studies have shown that FGF23 elevation is significantly associated with declining renal function [7, 11] . The secretion of PTH, vitamin D 3 and FGF23 is regulated in a classic negative endocrine pathway. FGF23 secretion is stimulated by PTH, both directly and indirectly, via a PTHmediated increase in vitamin D 3 [12] . The vitamin D 3 response element in the FGF23 promoter region controls the regulation of FGF23 transcription. Similarly, an increased FGF23 level lowers the level of vitamin D 3 [13] and inhibits PTH secretion by an FGFR-Klotho-dependent pathway [14] . It is well established that higher levels of FGF23 are consistently associated with higher serum phosphate, PTH and creatinine levels as well as with lower levels of vitamin D 3 and eGFR [13, 15] . Similarly, in the present study, the FGF23 level increases with the advancement of CKD, with the most pronounced increase shown at stage 5 CKD. This increase occurs concurrently with an increase in the levels of creatinine, phosphate, PTH and ALP during CKD development.
We observed that the FGF23 levels were not reversed even in the patients who were undergoing hemodialysis (stage 5). Plasma FGF23 concentrations have been found to predict mortality not only among dialysis patients but among predialysis CKD patients as well, and has been identified as an independent risk factor for ESRD [16] . FGF23 elevation was primarily described in the context of impaired renal function, but it has been observed that the elevation is being associated with worse clinical outcomes in patients with cardiac disease and/or CKD. A very recent study has hypothesized that a single FGF23 measurement itself is enough of a prognostic tool to predict complications, mortality and the clinical course in patients undergoing elective cardiac surgery [17] . Similarly, another study reported that the FGF23 level in stage 5 was much higher in patients with severe secondary hyperparathyroidism and independently associated with decreased heart rate variability [18] . In our study cohort, the FGF23 level of 50% of patients in stage 5 was >1,000 pg/ml, and 30% of them have coronary artery disease and 50% secondary hyperparathyroidism as coexisting conditions. Within 36 months, 26% of stage 5 patients had died, of whom 65% had an FGF23 level >1,000 pg/ml. This result further strengthens the previous findings that FGF23 indeed is a prognostic marker of CKD complications and mortality. The biochemical mechanism behind this elevated FGF23 in stage 5 CKD, and its association with mortality, is still unclear. However, the abovementioned studies and the present results reinforce the importance of quantifying FGF23 levels over the other parameters in each CKD stage to provide better strategies, to prevent the patient's health from worsening and to avert the mortal consequences.
Gutiérrez et al. [19] reported that an increased C-terminal FGF23 level was associated with a monotonically increasing risk of death, with highest-quartile FGF23 levels nearly 600% increased compared to subjects with lowest-quartile FGF23 levels. FGF23 levels lacked any significant interaction with ethnic group and mortality; however, a significant interaction with race (p = 0.048) was seen, with the median FGF23 level being significantly lower among Blacks and Hispanics than among Whites [19] . Three more studies reported an association between higher serum FGF23 levels and mortality risk among chronic hemodialysis patients. Higher serum FGF23 levels, independent of the serum phosphate level, were associated with increased all-cause mortality, but also related to vascular calcification in the French population [20] . On the other hand, in the Japanese population, Sugimoto et al. [21] found no association between higher serum FGF23 levels and increased mortality risk until affected by previous CVD and also showed a gender impact on the association between serum FGF23 levels and mortality. Similarly, Olauson et al. [22] reported a lack of association between serum FGF23 levels and increased mortality risk in a Swedish population, but the level of FGF23 was a risk factor for mortality in crude models among men with previous CVD [22] . In contrast, a recent study determining if peptide biomarkers can be useful to identify the risk of mortality among hemodialysis patients in a German population revealed that among the modern peptide biomarkers, only mid-regional pro-adrenomedullin and FGF23 showed an association with mortality [23] . These studies and our observed data indicate that though the determination of the FGF23 level in hemodialysis patients is controversial, it still holds a significant place in diagnosis.
While FGF23 appears to have significant potential as a diagnostic marker of CKD, it is uncertain whether it is causally underpinning CKD or simply associated with the process. The analysis methodology of Mendelian randomization can strengthen inferences drawn from observational studies and has the ability to deconvolute the relationship between causality and association [24] , since Mendelian randomization relies on the random assortment of alleles at gametogenesis and assesses the distributions of genetic variants that are generally independent of behavioral and environmental factors which typically confound epidemiological associations between postulated risk factors and diseases of interest. This method has been used to show that well-established factors that are strongly associated with a condition's outcome are not causally related to the condition, whilst a new factor is shown to be causally related [25] , and this may be a means to assess the potential of FGF23 as a potential drug target. Good physiological and molecular studies in this area are still on demand to answer the actual mechanism behind this FGF23 elevation at stage 5 and its impact on patient survival.
Conclusions
An elevated FGF23 level is significantly associated with declining renal function. The rate of FGF23 elevation at different stages of CKD and its correlation with other biochemical parameters shows that FGF23 is associated with PTH, creatinine and phosphate levels during CKD development and precedes all these parameters at stage 5. The level of FGF23 was associated with an increased mortality risk in this cohort of ESRD patients. FGF23 can be used as a potential biomarker to guide strategies for a better management of patients with CKD. In addition, FGF23 might be a future therapeutic target to intervene against the progression of CKD as well as to increase patient survivability.
